200 years of digitalis: the emerging central role of the sodium ion in the control of cardiac force.
Digitalis has been used therapeutically for two centuries, but the mechanism by which it enhances the ability of cardiac muscle to produce force (the positive inotropic effect) has not been fully elucidated. The major controversy concerns the question of whether the inhibition of the Na+-K+ pump by digitalis, particularly at low (therapeutic) concentrations, increases the intracellular Na+ concentration and thus is causally related to the positive inotropic effect. Na+-selective microelectrodes, introduced recently, have made it possible to measure small changes in intracellular Na+ activity (aiNa) in beating preparations of cardiac muscle and, in particular, to follow the exact time course of change in both aiNa and contractile force during the positive inotropic effect of digitalis. It has been demonstrated that digitalis at low and high concentrations produces a parallel increase in aiNa and in contractile force during the onset of its effect; washout of the drug results in a parallel and complete recovery of aiNa and contractile force. Additional strong evidence for a correlation between the pump inhibition and digitalis inotropy is the fact that the magnitude of increase in aiNa and contractile force produced by digitalis depends on the level of aiNa and therefore on the rate of Na+ extrusion by the Na+-K+ pump. The study on the quantitative relationship between aiNa and contractile force reveals that the force of contraction is a power function of aiNa, such that a small rise in aiNa produces a significant increase in contractile force. Direct measurements of aiNa and intracellular free Ca2+ during digitalis inotropy strongly support the hypothesis that an increase in aiNa raises intracellular Ca2+ via Na+-Ca2+ exchange, thus producing the positive inotropic effect. In conclusion, the recent data available from the simultaneous and continuous measurements of aiNa and contractile force strongly indicate that the inhibition of the Na+-K+ pump is causally related to the positive inotropic effect of digitalis on cardiac muscle.